Spin-polarized low energy electron microscopy (SPLEEM) is a powerful technique for the study of the magnetic domain structure of ferromagnetic surfaces, thin films and ferromagnetic / nonferromagnetic thin film systems. The unique feature of this instrument is the combination of magnetic with topographic imaging on an atomic depth scale level, and with structural information via low energy electron diffraction (LEED) from submicron regions. These capabilities are illustrated by studies of cobalt layers on W(110), Cu(lll) and Au(lll) surfaces, of Co-Cu and Co-Au bilayers and of Co/Au/Co and Co/Cu/Co sandwiches.
Introduction
Thin ferromagnetic films and ferromagnetic/nonferromagnetic thin film systems such as double layers, sandwiches and multilayers have attracted increasing attention during the last two decades because of their importance for thin film magnetic memories and sensors and because of their rich variety of exciting physical phenomena. Over the years it has become increasingly clear that the magnetic properties of these films are extremely sensitive to their microstructure. Microstructural studies are therefore very important for understanding these properties. In the past, the most important method which allows the simultaneous study of the microstructure and of the magnetic domain structure of films on surfaces has been scanning electron microscopy with polarization analysis (SEMPA, for a review see ref. 1 ). More recently, magnetic force microscopy (MFM, for a review see ref.
2) has also developed into a powerful technique for this purpose. Both methods have the disadvantage that the surface is scanned with a fine probe,which leads to long image acquisition times. SEMPA, which uses secondary electrons for imaging, in addition, is generally insensitive to surface roughness on the atomic depth scale. In this paper we describe another magnetic imaging method, SPLEEM (for a review see ref.
3) which does not have these shortcomings, and we give some examples of its application.
Physical basis and instrumentation
The basis of the magnetic contrast in SPLEEM is the exchange interaction V ex = Zy J^ -ij) Sj • Sj between the incident electrons with spin Sj and the target electrons with spin Sj at their positions r f and ij, J being the exchange coupling strength. In regions with preferred spin alignment Sj a nonzero magnetization M -Ij Sj exists which causes a magnetic contribution -P • M to the scattered signal when the incident beam is spin-polarized with a polarization P ~ L; Sj. In crystalline materials magnetic contrast can also be understood in terms of the spin-dependent band structure (see Fig. 1 ) in which spin up and spin down electrons have different energies. When the energy of the incident beam is below -1 eV in Fig. 1 , the incident beam is reflected because there are no allowed states in the crystal. Between about 1 and 2 eV the reflectivity is low for spin-up P and high for spin-down P for the same reasons. Above 2 eV there is still a magnetic contribution to the contrast due to the different densities of states in the two bands. In very thin magnetic films the different k values of the two bands for a given energy E have an important consequence: the resonance conditions for the standing waves which form in such films-when the boundaries are sufficiently reflectingdiffer somewhat. This causes pronounced oscillations in the asymmetry A = (R + -R_)/( R+ + R_) where R is the reflectivity of the surface and the + /-signs stand for opposite polarizations. This is clearly seen in Fig. 2 [4] which shows the asymmetry A (multiplied with the polarization of the incident beam P » 25%) and the reflected intensity R of a 6 monolayer (ML) thick Co film on W(110) as a function of energy. With increasing thickness the frequency of the quantum size oscillations increases rapidly so that they cannot be seen any longer in thick films (s»20 ML) because of the simultaneous presence of several thickness levels. What remains are From what has been discussed up to now it is clear which features a SPLEEM instrument should have: (i) a high intensity In and polarization P of the incident beam for optimum signal/noise ratio because of the usually weak magnetic contrast, (ii) the possibility to rotate P in any desired direction so that the magnetic contrast can be optimized by orienting P parallel to M and (iii) the possibility for rapid and flexible image accumulation and processing so that asymmetry images with good signal/ noise ratio can be obtained rapidly. The first requirement is at least partially fulfilled by a Cs-O-activated GaAs photoemission cathode, which emits a nearly monochromatic intense beam of spin-polarized electrons when illuminated with circular polarized red laser light, the second one by a spin-polarization manipulator consisting of a compound magnetic/electrostatic 90° deflector and a magnetic lens [5] and the third one by a suitable image acquisition system. Otherwise a SPLEEM instrument is like a standard LEEM instrument with electrostatic condenser and objective lens, the former in order to avoid rotation of the polarization when changing condenser excitations, the latter in order to have no magnetic leakage field at the specimen. The instrument used in the work reported here (Fig. 3) is completely surrounded by Helmholtz coils so that the films can be grown and studied in the absence of magnetic fields.
Before presenting some results a few words are necessary about the nonmagnetic, that is topographic, contrast. Although the dominating contrast is usually diffraction contrast which is determined mainly by the periodicity of the crystal normal to the surface, other contrast mechanisms are more important in the present context: step contrast and quantum size contrast.
Step contrast is due to the destructive interference of waves reflected from J Fig. 4 Step (a) and quantum size (b) contrast image formauon in LEEM. Field of view 6 \xm, electron energy 1.2 eV (a) and 3 eV (b). The sensitivity gradient of the detector from left to right has not been corrected. For explanation see text [6] . the two different height levels in the vicinity of atomic steps and allows atomic roughness determination with a lateral resolution of 10-20 run. Quantum size contrast allows detection of thickness variations on an atomic depth scale with a lateral resolution of 20-50 run. Figure  4 illustrates these two contrast mechanisms for a 5 ML thick Co film on a W( 110) surface consisting of 4, 5 and 6 ML thick regions [6] . This high surface sensitivity does not necessarily mean low sampling depth. The inelastic mean free path of electrons rises very rapidly with decreasing energy below -10 eV so that back-scattering comes not only from the topmost few layers but from many layers, provided that the incident energy does not lie within a bandgap. This can be successfully used to study the correlations between the magnetization of top and bottom magnetic layers in sandwiches. Much work, however, still has to be done do determine the influence of spin-dependent inelastic scattering which in general decreases the magnetic contrast.
Figure 5 [7] illustrates magnetic contrast formation for a 6 Ml thick Co film on W(110) which has a strong inplane anisotropy. Images (a) and (b) were taken with P parallel and antiparallel to M in the domains with opposite magnetization directions. They show weak magnetic contrast in addition to the step contrast of the substrate; (c) is the difference image of (a) and (b) which should show only magnetic contrast. The remaining weak step contrast is due to a slight shift between the two images. Figure 5d is also a difference image but in this case the two P directions were perpendicular to M in the domains so that only the domain boundaries are visible.
Results
Before the spin manipulator was available only the inplane component of the magnetization could be measured. The strong magnetic contrast seen in thin Co layen on W(110) led to the conclusion that M was purely in-plane with a pronounced [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] easy axis. Later studies with the polarization manipulator showed that this conclusion was premature [8] . They revealed that there is a thickness dependent out-of-plane component which varies on a length scale quite different from that of the in-plane component. Figure 6 illustrates this: (a) and (b) are inplane and out-of-plane images, respectively; (c) is the tilt angle image; and (d) a topographic image taken at an energy and focus at which substrate step and film quantum size contrast are obtained simultaneously. The magnetiza- tion in this layer is wrinkled with the wrinkles occurring at the substrate steps independent of thickness fluctuations. The tilt angle, measured from in-plane, decreases from -35° at 3 ML to -5° at 8 ML, indicating a strong positive W/Co interface anisotropy. This occurs continuously, possibly slightly oscillatory without change of the domain configuration.
A quite different dependence of the average magnetization direction and domain structure upon film thickness is observed in the system Co/Au(lll). This system has been studied extensively with SEMPA [9] and other techniques, in particular its 'spin reorientation transition' (SRT), that is the transition from out-of-plane magnetization at small thickness to in-plane magnetization at large film thickness. The details of this transition, however, had not been clarified which stimulated its study with SPLEEM [10] . In order to see the details the Co film thickness was increased in the transition region in very small increments (0.05 ML) and images of all three magnitization components were recorded after each dosis. This is possible with SPLEEM because of the rapid image acquisition (8 s per asymmetry image). A few selected image triplets in the transition range are shown in Fig. 7 .
The study revealed that the SRT occurs in three steps: (i) Bloch wall broadening, (ii) magnetization switching of small domains and (iii) Neel wall formation. The first signs of step (i) are already seen at 4.2 ML and dearly evident at 4.3 ML. The broadening of the Bloch walls creates in-plane magnetized regions closely related to the out-of-plane domain pattern. This fine-grained magnetization distribution is energetically unfavourable so that a small thickness increase is sufficient to induce step (ii) which already starts at 4.4 ML and is clearly evident at 4.45 ML. At 4.5 ML the in-plane domains have grown significantly but there is still a noticable out-of-plane component causing a random fine-grained rippled magnetization. To the extent to which the out-of-plane component disappears Neel walls develop between the increasingly larger in-plane domains above 4.55 ML (see the 4.7 ML images).
The reverse process, that is a transition from in-plane to out-of-plane magnetization can also occur, at least partially. Very thin metal overlayers are sufficient to induce this transition which is attributed to the anisotropy change accompanying the replacement of the vacuum/ Co interface by the metal/Co interface. Our old data [11] in which only the in-plane component could be measured showed that 1 ML of Au on a 10 ML thick Co film on W(110) had no influence on the in-plane magnetization but 2 ML turned M out-of-plane over most of the film, leaving only local in-plane domains which persisted with further Au deposition (Fig. 8) . The origin of this anisotropy change, elastic or electronic, in particular its peaking around 1 ML, is still a matter of debate. Electronic structure calculations [12, 13] for Cu and Au overlayers on Co monolayers on Cu(lll) and Au(lll) substrates show the same trend as a function of overlayer thickness as the experimental observations on thicker films (for references see refs. 12,13). However, no conclusions concerning the possible contributions from elastic effects can be drawn from this qualitative agreement because of the Co thickness differences and because of the fact that these observations were made with laterally averaging techniques. SPLEEM can measure the direction of M-which is determined by the anisotropy-from regions with constant thickness via the quantum size contrast. As an example Fig. 9a shows the topographic image of a 1.5 ML thick Cu overlayer grown at 365 K on a Co layer. The M tilt angle obtained from the corresponding magnetic images at various Cu coverages are shown in Fig. 9b . The triangles are from the uncovered regions, the full circles from the 1 ML regions and the open squares from the 3 ML regions which result from the growth of 2 ML thick crystals on top of the first ML. It is obvious that the perpendicular anisotropy is highest at 1 ML and that the double layer crystals growing on it sharply reduce the anisotropy in the 1 ML regions. The different tilt angles at 1 ML Cu for ML islands on the bare Co layer and ML regions between 3 ML thick regions clearly show that overlayer-induced anisotropy changes cannot simply be explained by the modified electronic structure of the first ML. Thickness and micro structure dependent misfit strains seem to play an important role too. (non-ferromagnetic) coupling between top and bottom layer which occurs at certain interlayer thicknesses. Antiferromagnetic coupling between the two layers has been made responsible for the technologically important giant magnetoresistance of multilayers and is usually deduced from hysteresis curve measurements. In previous old studies [7, 11] we had observed at the Cu film thickness of optimum antiferromagnetic coupling-according to the laterally averaging measurements-pronounced noncollinear coupling with much smaller domains in the top layer and M rotated in-plane over a wide angular range around 90". Our recent experiences with single and double layers have lead us to a more detailed study of the coupling in Co/Au/Co and Co/Cu/Co sandwiches [14] .
As an example of the results Fig. 10 shows the coupling through a 6 ML thick Au layer which is just above the thickness of optimum antiferromagnetic coupling. The Au layer attenuates the magnetic contrast somewhat but 3 ML Co on top of it nearly completely suppress the in-plane contrast while a strong out-of-plane contrast develops, just as in the case of the growth on the Au (111) surface. The out-of-plane domain structure perfectly replicates the weak out-of-plane pattern of the Co underlayer. With increasing Co top layer thickness the transition to in-plane magnetization occurs again similar to that seen in Fig. 7 on Au(lll) but now SPLEEM shows two apparently unrelated in-plane images: one perfectly replicating the domain pattern of the substrate, the other with 90° rotated M direction which is typical for biquadratic coupling, usually attributed to interface roughness. Vector addition of the two M components leads to a wrinkled in-plane magnetization in the top layer.
Conclusion
The examples presented here give only a hint of the information on the magnetic microstructure and its correlation with the crystalline microstructure which can be obtained with SPLEEM. There are still many problems involving single, double and triple layers awaiting investigation at constant temperature and zero magnetic field. Changes of the correlations between the magnetic and crystalline microstructure with temperature have already been studied in one example [15] . Real time studies in magnetic fields normal to the surface are possible but have not been made up to now. Improvements in image acquisition rate and resolution also still can be expected. Subsecond imaging with less than 10 nm resolution and sufficient contrast at a good signal/noise ratio appear feasible. This will significantly increase the possibilities of SPLEEM.
